Abstract-Accurate and detailed energy demand estimates are crucial to achieving adequate energy infrastructure planning. These estimates are often non-existent or deficient in many developing countries, and consequently, electricity supply is unreliable. A novel approach for estimating electricity demand is presented. Our approach uses a global geographical population database with 1km 2 spatial resolution as the foundational input. The use of spatial population data is based on the premise that electricity consumption is dependent on where people are located. These population counts are converted to electrical customers to create spatial power demand data which can be mapped. The resulting power demand maps could be valuable for energy infrastructure planning. In this study, Uganda is used as a pilot case-study. Analysis suggests that an additional 1.5 GW of power generation capacity needs to be availed to meet the lowest power demand scenario. The methodology developed can be extended to other regions of interest.
I. INTRODUCTION
The energy sector in sub-Saharan Africa is vital to its development but it is currently severely underdeveloped. Although the region accounts for 13% of the world's population, in 2014 it accounted for only 4% of the world's total electricity [1] . Inadequate electricity supply is a major challenge hindering economic growth and this is due to lack of generating capacity, rundown existing stock and limited transmission and distribution infrastructure [1] - [2] .
Any developmental efforts aimed at reducing poverty and promoting economic growth in the region must include increasing the level of available electricity per capita because of the strong historical correlation between gross national product and global disparities in energy use [3] . Planning efforts in developing countries need to focus on energy supply expansion. Provision of sufficient energy to meet basic needs in turn leads to an improved and much better standard of living; energy planning must play a critical role. Accompanied by governance reforms that accelerate investment in the power sector in sub-Saharan Africa, the International Energy Agency (IEA) estimates that an additional $450 billion needs to be invested in the power sector to reduce power outages and achieve access to electricity. This investment will in turn boost the region's economy by 30% by 2040 [1] .
To be able to adequately plan/design energy systems and appropriately invest in energy infrastructures, it is imperative to measure the extent of the current disparity in modern energy access in developing regions. The scope of modern access in our paper focuses on the household level which includes access to a minimum level of electricity. Until now, it has been difficult to measure electricity demand in a holistic sense for a given region to meet the unmet energy gap [1] . Most existing energy demand estimation techniques have been based on developed countries and yet sub-Saharan African countries have different economies, energy needs, and available resources. Furthermore, there exists an opportunity to leapfrog traditional energy systems and technologies, much in the same way that mobile phones leapfrogged land lines in Africa.
A. Uganda Power System Background
Uganda is a landlocked country in the eastern region of Africa. It has one of the lowest per capita electricity consumption rates in the world at 150kWh/year [4] . According to an IEA 2014 report, only 14% of the Ugandan population has access to electricity [1] . In the rural areas where over 85% of the population lives, only two percent have access to electricity. Less than half of the electricity in the rural areas is provided through the grid [5] . The remainder is provided through generators, car batteries or solar photovoltaic (PV) units [6] . The country has an installed capacity of 896 MW of which only 746 MW is licensed for use. The electricity generation portfolio of Uganda is heavily reliant on hydroelectric power which makes up 93% of the licensed capacity [6] . The remaining 7% is from cogeneration (5%) and heavy fuel oil thermal power (2%).
The goal of this research effort is to use LandScan [7] - [8] , a high resolution geographical population database as the foundational input for power demand forecasting in Uganda. This spatial power demand data can then be used to develop electricity demand maps for countries and or regions of interest that could be valuable for energy infrastructure planning by private investors, governments, development agencies, utility companies and others.
II. METHODS

A. Tools
Predicting the spatial distribution of power demand in this study relies on the underlying assumption that power is primarily used where people are located. LandScan [9] , a global population database developed at Oak Ridge National Laboratory, is used as the foundational input in this analysis. LandScan utilizes an innovative approach with Geographic Information Systems (GIS) and Remote Sensing to track global population distribution at approximately 1 km 2 resolution. The LandScan algorithm uses spatial data and image analysis technologies and a multi-variable dasymetric approach to disaggregate census counts within an administrative boundary. LandScan is the finest global population distribution data available.
The ArcMap software tool available as part of Esri's ArcGIS software suite is utilized for analysis, computations, and to create the map graphics seen throughout this paper.
B. Assumptions
A few assumptions are made in order to utilize the spatial population count to arrive at spatial power demand distributions. A three step process is taken beginning with the LandScan population data in 1 km x 1 km square cells:
• Step 1: Determine number of utility customers per cell using district household size data from national census
•
Step 2: Determine percentage of customers owning each appliance
• Step 3: Calculate instantaneous power need for each cell using result of Step 2
In step 1, the number of customers in each cell across Uganda is calculated by dividing the population count for that grid by the average household size for the district in which the given cell falls, as seen in (1):
The resulting number can be thought of as representing the number of utility electric meters in the given cell. In step 2, the mix of appliances in each household is determined using survey data from [10] where a large scale survey was conducted for Uganda, and included in the survey data is the percentage of households having each typical household appliance. This data is combined with typical wattage values for said appliances obtained from data in Chidebell-Emordi [11] to yield the information contained in the following table 1. Finally, in step 3, the instantaneous power demand for a given cell is calculated by summing the power draw for all of the power appliances being used in each household in a given cell, using (2):
where i is the appliance index and k is the total number of appliances. The first term inside the summation is the power rating or wattage in kW for appliance i, %HH is the percentage of households in each cell with that appliance and C is the number of utility customers in the cell. This process results in the instantaneous power demand for a given cell, and the power demand for a sub-district, district, or even the entire nation can be calculated by summing the values for each cell.
In this analysis, no adjustments in spatial predicted power demand are made for urban versus rural geographical locations. A crude adjustment is made by calculating three different power demand scenarios at the national level. Low, medium, and high power demand scenarios are calculated by including multipliers of 0.25, 0.5, and 1 respectively to (2).
C. Spatial Analysis (Voronoi)
In addition, an analysis was conducted to subdivide the country into sections that were determined geometrically to be in the service area of each of the nine power stations serving Uganda. To do this, Voronoi tessellations are used. Voronoi tessellations enable the partitioning of a space without producing holes or overlaps, and are used in this work for spatial power capacity analysis. The reason for doing a spatial analysis is to determine if the current installed generation units are sufficient in meeting the country's energy demands in the region and area in which they are located. As stated, 93% of Uganda's electricity generation is from hydroelectric dams whose locations are determined by the geography and topography. Fig. 1 shows the population (per 1 km 2 cell) distribution of Uganda along with the power plants and the Voronoi regions of each power plant. Using the definitions by [12, 13] for planar Voronoi tessellations, we let P:=p1, ,pn be the set of n distinct points in a given space with given latitude and longitude coordinates (x1,y1), ,(xn,yn). For the purposes of this work, these points represent the 9 power stations serving the Ugandan nation, and therefore, n = 9. These power plants, denoted as point locations are the generators. The subdivision of Uganda into n Voronoi regions V(pi) with the property that a point q(x,y) lies in the region V(pi) if and only if distance(pi,q)<distance(pj,q) for each pi, pj ∈ P with i ≠ j, is defined as the Voronoi tessellation v(pi) := {V(pi),…,V(pn)}. The denotation distance (pi, q) represents a specified distance function between the generator (power plant) pi and the point q. In general, a Voronoi tessellation is defined in an unbounded space. Having a bounded space S, as is the case with this analysis, S being the extents of the smallest rectangle containing the entire of
Uganda within it, the set v∩S(P):= {V(pi) ∩ S,…,V(pn) ∩ S} is called a bounded Voronoi tessellation of P by S. An ordinary Voronoi tessellation vE(P) is a Voronoi tessellation using the Euclidean metric, defined by distance (pi,q) := ⏐pi -q⏐=
, as their distance function. The bisector of two regions and of an ordinary Voronoi tessellations is the perpendicular bisector of the generators and .
III. RESULTS
A. Spatial Distribution of Power Demand
At the current licensed capacity of 746 MW, Uganda is not able to provide all of its residents with power based on analysis presented here for the three power demand scenarios. The spatial power demand scenarios account for the instantaneous power demand for a given spatial cell as a function of the power draw required by the appliances used in a household, the percentage of households with each appliance and number of electrical customers. The low, median and high power demand scenarios account for the crude difference in power demand reflective of the change in demand in rural vs urban areas. The spatial multipliers of 0.25, 0.5, and 1 are made to the instantaneous power to try and provide a better representation of the variation in power needs in rural and urban areas.
In our analysis, we found that at the low power demand scenario, an additional 1.5 GW of electricity needs to be availed and licensed in order to meet the current residential power needs of the country. At the median and high power demand scenarios, an additional 3.7 and 8 GW respectively need to come online for the country to realize a robust electricity supply for all residential customers (Fig. 2) . LandScan accounts for the 2017 IEEE PES-IAS PowerAfrica current residential electrical customers in Uganda based on the current population. Another aspect of the power demand scenarios focused on spatial distribution of power demand across the country (Fig.  3) . The spatial distribution of the power demand scenarios was normalized to 1 to compare power demand on a continuum based on the population distribution in a particular area. Regions in the country with a high population density require more power to satisfy their needs compared to those areas with lower population densities. These regions tend to correspond to major cities in Uganda and most of them are along the major grid lines in the country. The peak demand for the low, median and high power demand is 4,561, 9,122 and 18,244 kW respectively. The model was used to take a closer look at Kampala, Uganda's capital (Fig. 4) , to determine the variation in spatial demand within the district. The spatial power demand in the district is representative of the urban distribution patterns with areas closer to the city center having a higher power demand compared to the surrounding areas close to the neighboring districts. This variation in spatial power demand is expected to be the same in different urban centers based on the distribution of households close to town centers or local trading centers. 
B. Capacity Deficiencies of Power Plant Service Areas
To show the spatial analysis capabilities of this demand estimation approach, Voronoi tessellations were used to geometrically determine an approximate service area for each power station in Uganda as shown in Fig. 1 . An analysis of the power plants in each Voronoi tessellation shows that at high, median and low power demand scenarios, all of the power plants with the exception of the NKB Jinja cluster are not generating enough power to meet the daily power needs of that Voronoi region (Fig. 5) . The three major hydroelectric power dams; Nalubaale, Kiira and Bujagali and the the Kakira Cogeneration plant dubbed the NKB Jinja cluster which generate a combined 89% of the country's power are the only power plants that generate enough power to meet the demands of their Voronoi region. However, based on the 2014 census data, only 9% of the households are in this region. The remainder of the other power stations produce 11% of the power and this is potentially where the power demand deficit lies. Efforts to address the insufficient power supply should be focused in these areas.
It is important to note that the Voronoi analysis does not take into account the population distribution within the region. The Voronoi analysis is based on the premise that having good national power infrastructure including transmission and distribution nearby, is important in order to minimize transmission and distribution losses while maximizing system efficiency and economic dispatch. 
IV. DISCUSSION
LandScan Global, a geographical population distribution tool, has been used to forecast and quantify power demand based on spatial population distribution for Uganda. The energy demand maps from the proposed model take into account three power demand scenarios that account for predicted low, median and high power usage across the country. From the model, at least an additional 1.5GW of power generation capacity needs to be availed to meet the lowest power demand scenario in Uganda. This capacity is in agreement with the estimate required to power Uganda's industries and homes predicted by Mbendi Information Services [14] . This prediction is based on the current population of the country. An increase in the population would require even more power to come online to meet the basic power needs of the country. Based on the 2014 census data by the Uganda Bureau of Statistics, the population of Uganda is expected to grow at 3.0% per annum. The tool developed as part of this effort is easily amenable to studying the effect of population growth on power demand.
Therefore, power demand forecasts that account for future population growth are necessary for longer term energy infrastructure planning, and will be studied in a future effort. Although this analysis utilizes the same household power demand assumptions across the entire nation and is not geospecific, the power demand forecast is in agreement with previous national level predictions. Future analyses will build on the current analysis and integrate new assumptions to distinguish between urban and rural consumption patterns. To further pinpoint regions in the country that are power deficient, LandScan Global was coupled with Voronoi tessellations to create spatial demand maps in each Voronoi region that incorporate power plants in that region, the power plant's generating capacity and population distribution to model power need. The power deficiencies in each Voronoi region for the three power demand scenarios provide a basis for regional infrastructural planning based on quantifiable power need. Note that the mathematical formulation of the Voronoi regions does not include a factor for population distribution. Future analysis will include this factor so that Voronoi regions will be apportioned based on national geometry and population within each region. While the usefulness of the Voronoi analysis is limited on a national scale, this study just provides an overview of the capability. The envisioned utility of this tool is more for more nuanced regional planning activities including designing micro grid systems and planning communities utilizing distributed energy generation and use. Despite the model not being able to differentiate power needs in rural and urban areas, it is a starting place for modeling methodologies that focus on power and energy needs in developing countries that are most power deficient and in need of energy infrastructure planning tools for economic development.
